ABSTRACT: CdSe(core)/CdS(shell) nanorods (NRs) have been extensively investigated for their unique optical properties, such as high photoluminescence (PL) quantum efficiency (QE) and polarized light emission. The incorporation of these NRs in silica (SiO 2 ) is of high interest, since this renders them processable in polar solvents while increasing their photochemical stability, which would be beneficial for their application in LEDs and as biolabels. We report the synthesis of highly luminescent silica-coated CdSe/ CdS NRs, by using the reverse micelle method. The mechanism for the encapsulation of the NRs in silica is unravelled and shown to be strongly influenced by the NR shape and its asymmetry. This is attributed to both the different morphology and the different crystallographic nature of the facets terminating the opposite tips of the NRs. These results lead to the formation of a novel class of NR architectures, whose symmetry can be controlled by tuning the degree of coverage of the silica shell. Interestingly, the encapsulation of the NRs in silica leads to a remarkable increase in their photostability, while preserving their optical properties. KEYWORDS: nanocrystals, reverse micelle method, silica shell, photoluminescence
■ INTRODUCTION
Colloidal nanocrystals (NCs) are a class of versatile materials of which the opto-electronic properties can be changed by tuning their size, shape, and composition. Due to their unique sizedependent photoluminescence (PL) spectra, semiconductor NCs hold promise for applications in LED's and biological or environmental sensors. 1−6 For such applications, the system must be stable against photochemical degradation. One of the strategies developed in the past years has been to synthesize core−shell structures in which a shell of a wider band gap semiconductor compound is epitaxially grown over the core. 1, 7 Shells of chemically stable oxide materials such as silica (SiO 2 ) or titania (TiO 2 ) have also been proposed. 8−18 Most studies focused on the incorporation of NCs in silica. Routes were established to incorporate spherical NCs precisely in the center of a thick silica sphere. 19 Oxide shells also have the advantage that stable suspensions can be prepared both in polar solvents and in typical organic solvents by capping the oxide surface with suitable organic ligands.
Recent developments in colloidal synthesis have resulted in the fabrication of nanorods (NRs), for which the diameter and length can be controlled. In particular, CdSe/CdS core/shell NRs have attracted a lot of attention, largely due to their bright PL and relatively high stability, in comparison to CdSe NCs. 20, 21 These systems consist of a CdSe dot-core embedded in a CdS rod-shell, where the CdSe dot-core is positioned asymmetrically in the rod. 20, 22 Encapsulation of spherical NCs in silica has been extensively studied. 23−34 Selvan et al. proposed a method based on the formation of a reverse micelle. 35 In this approach, hydrophobic quantum dots (QDs) in cyclohexane were exposed to a silica precursor (tetraethyl orthosilicate, TEOS) in the presence of a surfactant (IgePAL CO-520, poly(5)oxyethylene-4-nonylphenyl-ether) and water. It has been shown by Koole et al. 19 that a rapid ligand exchange of the native surfactants by TEOS is the key step for the incorporation of the QDs in a reverse micelle (hydrophilic inside) that forms the starting point for silica growth. This mechanism explains how each spherical NC can be incorporated precisely in the center of a silica sphere. However, little work has been done concerning the application of this method for the incorporation of semiconductor NCs with strong anisotropy, (e.g., tetrapods and nanorods), and to the best of our knowledge, only two examples are reported in literature. 36, 37 Additionally, the effect of the shape anisotropy on the silica growth mechanism has not yet been investigated. Furthermore, although the silica coated nanoparticles (NPs) show high PL intensity, more work is needed to investigate the impact of the silica encapsulation on the photostability of NCs.
Concerning bioapplications, a further advantage of anisotropic NCs embedded in silica has been demonstrated in recent work by Barua et al. 38 In their study of the interaction of antibodies attached to NP carriers with biological cells, they observed an enhanced adhesion and specificity of interactions of the immobilized antibodies with the target cells in case the carrier NPs were rod-like.
In the present work, we studied the encapsulation of single CdSe/CdS core/shell NRs into a silica shell using the reverse microemulsion method. This is both of fundamental and applied interest. With regard to the colloidal chemistry, one should realize that, due to the NR length and anisotropy, we might have the formation of two micelles around the NR. It is, hence, not at all clear how and on which place on the NR the silica growth is initiated. We are particularly interested in the mechanism of the growth around a NR-shaped colloidal NP that has two different ends. 16 The key questions to be answered are as follows: Where does the growth of the silica shell starts? What is the influence of the NR length on the growth and on the finally formed structures? What is the effect of the fact that the NRs, with their wurtzite c-axis being the long and polar axis, have chemically different ends? Hence, we followed the evolution of the silica growth in detail by transmission electron microscopy (TEM) and high-resolution scanning transmission electron microscopy (HR-STEM).
Furthermore, with respect to applications in single-NR physics 36 and biological labels and sensors, we showed that the individual NRs can be incorporated in the center of oval rugby ball-shaped silica particles with preservation of the PL quantum efficiency (QE) and strongly enhanced photochemical stability both under UV irradiation and in air.
■ EXPERIMENTAL SECTION
All syntheses were performed under a nitrogen atmosphere. The samples were stored in a glovebox under nitrogen.
Chemicals. Ammonia (Merck, 25 wt % in water), CdO (SigmaAldrich, 99%), octa-decyl-phosphonic acid (ODPA, Sigma-Aldrich, 97%), poly(5)oxyethylene-4-nonylphenyl-ether (Igepal Co 520, Sigma-Aldrich), selenium (Strem Chemicals, 99.99%), sulfur (Alfa Aesar, 99%), tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 99%), trioctylphosphine (TOP, Sigma-Aldrich, 90%), and trioctylphosphine oxide (TOPO, Sigma-Aldrich, 99%) were used for the synthesis of the nanoparticles (NPs).
Solvents. Acetone (Merck), butanol (Sigma-Aldrich, anhydrous, 99.8%), cyclohexane (Sigma-Aldrich, anhydrous, 99%), ethanol (Riedel de Haen, 99%), methanol (Sigma-Aldrich, anhydrous, 99.8%), and toluene (Sigma-Aldrich, anhydrous, 99.8%) were used as supplied.
Synthesis of CdSe NC Seeds. 20 CdSe NC seeds were synthesized in a 50 mL three-neck flask using a Schlenk-line. TOPO (3.0 g), ODPA (0.290 g), and CdO (0.060 g) were mixed, heated to 150°C, and kept under vacuum for 2 h. The reaction solution was then heated to 330°C under nitrogen and became transparent, indicating the formation of Cd-ODPA complexes. Next, 1.5 g of TOP was rapidly injected into the reaction flask. The solution was then heated to 350− 370°C and TOP−Se solution (0.058 g Se in 0.360 g TOP) was injected. The reaction was quenched by removing the heating source and injecting 5 mL of toluene at room temperature. The final size of the NCs depends on the reaction time; longer reaction times lead to larger NCs. After the solution cooled to room temperature, the NCs were precipitated by adding methanol and isolated by centrifugation. This washing step was repeated twice. Finally, the NC seeds were redissolved in toluene and stored inside a glovebox under nitrogen atmosphere.
Synthesis of CdSe/CdS Core/Shell NRs. 20 CdO (0.09 g), TOPO (3.0 g), and ODPA (0.280 g) were mixed in a 50 mL threeneck flask. The solution was degassed, heated to 150°C, and kept under vacuum for 2 h. The solution was then heated to 350°C, until complete dissolution of CdO was achieved, and 1.5 g of TOP was injected. The reaction solution was kept at 350°C for 15 min to allow the temperature to stabilize. TOP-S solution (0.12 g S in 1.5 g TOP) and 200 μL of a solution of CdSe NC seeds in TOP (concentration: 400 μM) were rapidly injected in the flask. The reaction time was varied from 6 to 12 min. After the synthesis, the CdSe/CdS dot core/ rod shell NRs were precipitated with methanol (10 mL), isolated by centrifugation, and redispersed in toluene (5 mL).
Embedding of NRs in SiO 2 . 19 For the reverse microemulsion synthesis, IgePAL CO-520 (1.3 mL) was dispersed in cyclohexane (10 mL) and stirred for 15 min (850 rpm) to form a stable solution. Subsequently, a dispersion of NRs (0.5−1 nmol) in cyclohexane (1 mL) was added, followed by TEOS (80 μL) and ammonia (150 μL). Between the additions, the reaction mixture was stirred for 15 min (850 rpm). Once ammonia is added, the mixture was stirred for 1 min, after which it was stored in the dark at room temperature for different periods of time (between 1 h and 3 weeks). Finally, the NR/silica particles were purified by adding 3 mL of ethanol to the reaction mixture and centrifuging this for 10 min at 1800 g. After removal of the supernatant, 10 mL of ethanol was added, and the silica particles were sedimented again by centrifugation at 1800 g for 20 min. This was repeated once more for 40 min after which the NR/silica particles were redispersed in ethanol.
Silica Shell Capping with Octadecanol (ODO). 39 2.5 g of ODO dispersed in 5 mL of ethanol was added to a dispersion of silica coated NRs (about 1.8 mmol) in 5 mL of ethanol. The mixture was then heated to 100°C for 1 h to evaporate all the ethanol. Subsequently, the obtained solution was heated at 170°C for 3 h to covalently link ODO to the silica surface by a condensation reaction. The recapped particles were purified by precipitation and centrifugation in a cyclohexane/ethanol mixture and redispersed in toluene.
Structural Characterization. The purified NR/silica nanoparticle (NP) samples were characterized with transmission electron microscopy (TEM). Samples for analysis were obtained by dipping carbon coated copper TEM grids in the NPs solution and blotting on a filter paper at room temperature. Prior to extraction of the sample, the solution was sonicated for about 1 min to prevent agglomeration of the silica coated particles on the grid. TEM images presented in Figure  1 were obtained with a Tecnai microscope operating at 120 kV. TEM image statistics were performed over 100 particles. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was carried out using a FEI Titan 80-300 cubed microscope fitted with an aberration-corrector for the imaging lens and another for the probe forming lens. The microscope was operated at 120 kV with an inner collection semiangle of ∼21.4 mrad to acquire images presented in Figures 2 and 3 Optical Characterization. The concentration of the NRs solution was estimated using inductively coupled plasma atomic emission spectroscopy (ICP-AES). Absorption spectra were measured using a Perkin-Elmer Lambda 950 UV/vis/IR absorption spectrophotometer. Photoluminescence (PL) spectra were recorded using an Edinburgh Instruments FLS920 spectrofluorimeter equipped with a 450 W xenon Lamp as the excitation source and double grating monochromators (blazed at 500 nm). PL decay curves were obtained by time-correlated single-photon counting via time-to-amplitude conversion. A picosecond pulsed diode laser (EPL-445 Edinburgh Instruments, 441 nm, 55 ps pulse width, 0.2−20 MHz repetition rate) was used as the excitation source. The PL signal for both the PL spectra and the PL decay curves was detected with a photomultiplier tube (R928). To quantify the PL quantum efficiency (QE) η, the integrated emission of the NRs was compared with that of a standard fluorescent dye (94720 Fluoreszenzrot, QE = 95%). 40 To estimate the QE for the silica coated NRs in ethanol, due to the high refractive index mismatch which would lead to light scattering, we used an integrating sphere.
Photostability under UV Light. In a N 2 purged glovebox, 2 mL of a suspension of uncoated NRs and 2 mL of a suspension of silica coated NRs, with the same concentration, were transferred to quartz cuvettes. The cuvettes were tightly closed and sealed with Teflon tape to avoid any contact with O 2 , and to prevent evaporation of the solvent. Subsequently, the two samples were taken outside the glovebox and kept under constant UV irradiation for 10 days (6 W 
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Portable 365 nm UV-lamp). Every day, at the same time, the illumination was interrupted and the absorption and PL spectra of each sample were recorded.
Additionally, to take into account fluctuations of the excitation intensity from day to day, the PL spectrum of a reference fluorescent dye (94720 Fluoreszenzrot) was measured immediately before that of the NR sample. The PL intensity of the samples was then divided by the PL intensity of the reference dye.
Photobleaching under Air. In a N 2 purged glovebox, 2 mL of a suspension of uncoated NRs and 2 mL of a suspension of silica coated NRs, with the same concentration, were transferred to quartz cuvettes. Absorption and PL spectra of each sample were recorded. Afterward, the cuvettes were opened in air and kept outside the glovebox for 17 days, under ambient light. Every 3 days the QE was measured using an integrating sphere. Also, in this case, the PL intensity of the sample was corrected for the fluctuation of the excitation intensity by using a standard fluorescent dye as a reference (94720 Fluoreszenzrot).
■ RESULTS AND DISCUSSION
Study of the Silica Growth Mechanism. To investigate the silica growth mechanism, three different batches of NRs were used: (i) short NRs with length L = (21.1 ± 2.2) nm and diameter 2R = (5.5 ± 0.8) nm, (ii) medium-length NRs with L = (39.8 ± 4.1) nm and 2R = (4.3 ± 0.3) nm, and (iii) long NRs with L = (80.9 ± 5.9) nm and 2R = (4.1 ± 0.4) nm ( Figure S1 , Supporting Information). For the synthesis of CdSe/CdS dot core/rod shell NRs the method of Carbone et al. 20 was adapted (see Experimental Section for details). This method allows for control over the length of the NRs by tuning the CdSe NC seeds concentration and by adjusting reaction temperature and growth time. The surface of the NRs is capped by octadecylphosphonic acid (ODPA).
The short, medium-length and long NRs were each incorporated into silica shells with final thicknesses around 22 nm. The method used in the present work is an adaptation of a reverse micelle method that was previously developed for spherical particles 19, 35 and is based on exposing hydrophobic semiconductor NRs in cyclohexane to a silica precursor (TEOS) in the presence of a micelle surfactant (IgePAL CO-520) and water (see Experimental Section for details). The resulting NR/silica shell structures are easily dispersed and colloidally stable in polar solvents, such as ethanol or water. To Figure 1 shows TEM images at several stages of the silica growth on NRs of three different lengths. It can be seen that the silica growth starts exclusively at the tip of the NRs, forming asymmetric NR/silica dumbbells. As the growth progresses, the two opposite silica spherical shells eventually meet and unify, forming rugby ball-shaped NPs, with a NR centered in each silica structure. Interestingly, the fully silica coated NRs retained the anisotropy of the original nanorods. The degree of their coverage strongly depends on both the NR length and the reaction time, t. By varying t between 1 h and 1 week, it was possible to follow the evolution from dumbbell structures, where the spherical silica shells have a diameter of 8.5 ± 0.5 nm, to rugby ball-shaped structures, where the shells have a thickness of 21 ± 1.3 nm. Note that the thickness of the complete shell does not vary significantly.
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A detailed analysis of the TEM results was performed by investigation of 100 NR/shell structures for each of the three different NR lengths. Figure 2 shows a STEM overview, supported by a cartoon representation, of the structures obtained. For the shortest NRs (Figure 1 , first row) at t = 1 h, we observed the formation of dumbbell structures ( Figure  2b) , with spherical silica shells on the two opposite ends. Only a small percentage (2%) of the NRs showed a silica sphere on only one tip (Figure 2a) .
At t = 2 h, the degree of coverage increased: 67% of the NRs were converted to dumbbell structures, and 33% were totally incorporated in silica. After a reaction time of 1 day or longer, all NRs were completely incorporated in a silica shell. The resulting silica particles have a rugby ball shape with a short diameter of 41.9 ± 3.4 nm (Figure 2c ). Notice the remarkable uniformity in the shape and size of the resulting NCs ( Figure  1 ).
For medium length NRs (Figure 1 , second row), dumbbell structures are observed with a silica sphere at both tip ends after a reaction time of 1−2 h. After the growth of a considerable amount of silica, during 24 h, the two shells start to unify and 62% of the particles show already the rugby ball shape. After 1 week of growth, all NRs were completely incorporated in a silica shell. A similar evolution was observed for the silica growth on the longer NRs (Figure 1, third row) . However, the complete coverage of the NRs with silica took now about 3 weeks of growth (see Figure S2 in the Supporting Information).
The uniformity of the formed NRs/silica NPs is really striking: we observed that all NRs are embedded in silica NPs with a nearly uniform size and shape, while on the other hand, only 4% of the silica NPs are empty, that is, contained no NR. Furthermore, we never observed more than one NR per silica particle. This is remarkable as these NRs show a propensity to form bundles in solution due to the enhanced van der Waals interactions. 41 Each NR occupies the center of the silica rugby ball with cylindrical symmetry around the long c-axis, and a central mirror plane perpendicular to the c-axis. We can, however, observe that in the early stages of the growth the size of the two silica spheres in the dumbbell structures is different (Figure 2b) , indicating that the NR asymmetry influences the early stages of the silica nucleation and growth.
To further investigate the asymmetry in the early growth stages, we analyzed the growth evolution for medium-length NRs after 2 h of reaction time with HR-STEM. The results are shown in Figure 3 ; the brighter spot on one side along the NR indicates the position of the CdSe core, as previously reported in literature. 20, 22 These results (white arrows) also reveal that the larger silica spheres are located at the tip close to the location of the CdSe core.
Koole et al. previously reported that silica growth on spherical NPs is determined, in the early stage, by formation of a reverse micelle around the NCs. 19 Initially, the native hydrophobic ligands coating the surface of the NCs are rapidly exchanged by TEOS and micelle-forming surfactant molecules, thus enabling the encapsulation of the NCs into the hydrophilic interior of the reverse micelles in which silica nucleates. 19 We assume a similar mechanism is operative for the growth of silica on NRs by the reverse micelle method. The observation that the silica growth at the early stages is restricted to both tip ends of the NRs suggests that two independent reverse micelles are initially formed, possibly as a result of the length and anisotropy of the NRs. Furthermore, we observe a more pronounced silica shell at the tip end closest to the CdSe dot.
To qualitatively understand these results, several aspects related to the geometry and the surface chemistry of the NR tips should be considered. A HR-STEM image of a typical CdSe/CdS core/shell NRs is shown in Figure 3b . Analysis of this NR and many others (see Figure S3 , Supporting Information) confirmed that the CdSe core is not positioned in the center of the NR, in agreement with previous observations reported in the literature. 20, 22 Moreover, the opposite tips of the NRs have a different geometry, as has been reported before: 22 the one close to the core position has a 'flat' termination, while the opposite one is arrow-like (Figure 3b) . Additionally, as a polar crystal, the opposite end facets of wurzite CdS NRs, in the (0001) and (0001̅ ) direction, are not crystallographically equivalent. 42, 43 The flat facet, in the (0001) direction, is terminated by Cd atoms, while in the opposite direction, the tip holds, in principle, a S termination. However, if that would be entirely correct, only the Cd-terminated end would undergo the ligand exchange process that allows the formation of the reverse micelle where the silica growth takes place. From this viewpoint, the silica-spheres would be expected to grow only at the Cd-terminated tip end. This is in line with the more pronounced growth at the flat Cd-terminated end. However, in the initial stages a smaller silica sphere also appears at the other end (see above). As previously mentioned, this tip is sharp, ruling out the possibility of a fully S terminated facet, which should be flat and parallel to the Cd terminated (0001) facet. Since the poorly passivated (0001̅ ) termination has a high free energy, it is reasonable that surface reconstruction and tip reshaping occur. Although the atomic surface termination of the sharp NR end is not precisely known, Cd surface atoms must be available for the capping ligands that form the reverse micelle, albeit in a lower number compared to the other end and possibly also in a less suitable configuration for the formation of a reverse micelle. This reasoning suggests the formation of a smaller or less stable micelle at the sharp end that can incorporate a smaller amount of reactive TEOS molecules and thus leads to a slower growth of the silica in the initial stage. It should be remarked that in the later stages of the growth, above a certain radius of the silica spheres at the tips, the difference between the two ends gradually disappears.
We propose a silica growing mechanism in three steps (Figure 4 ). In the first step, micelle formation occurs on the NR tips, by exchange of the ODPA ligand with IgePAL CO-520. Due to the fact that the morphology and the crystallographic atomic facets of the two opposite NR tips are not equivalent, the size and stability of the micelles on the two tips is different. Second, the silica nucleation is triggered by addition of ammonia, leading to faster growth on the tip nearer the CdSe core, where a larger and more stable micelle is present. In the third step, after the growth of a substantial amount of silica, both shells meet and unify, resulting in rugby ball-shaped NPs.
Study of the Optical Properties of Silica Coated NRs. To explore the possible applications of the fully silica coated NRs, both PL emission and time-dependent PL decay curves were measured at different stages of the reaction. In addition, the photochemical stability of the fully silica coated systems under constant UV-light irradiation, and in air, under ambient light was investigated (see Experimental Section for details). We analyzed silica coated short NRs after 2 days and after 1 week of reaction time, when the NR is fully incorporated in the silica shell.
To measure the optical properties of the encapsulated NRs, it is desirable that the refractive index of the chosen solvent is close to that of silica, since the measured radiative lifetime is strongly influenced by the refractive index of the surrounding medium. 44, 45 While silica has a refractive index of 1.46, ethanol has a refractive index of 1.36. Therefore, to decrease the refractive index mismatch, the silica coated NRs were capped with octadecanol. In this way, the NRs were rendered soluble in apolar solvents such as toluene, which has a refractive index (1.51) comparable to that of silica. Figure 5 shows the PL spectra ( Figure 5a ) and PL decay curves (Figure 5b ) of silica coated CdSe/CdS core/shell NRs at different stages of the silica growth (reaction times t = 0, 2 days and 1 week). After 2 days, the coated particles still retain a extremely high QE (η= 53%). In this case, the PL intensity further decreases after 1 week of reaction time (η = 39%). The decrease in QE can be attributed to the presence of additional nonradiative recombination pathways for the exciton. Interestingly, the PL decay curves for the uncoated NRs, 2 days coated NRs and 1 week coated NRs (Figure 5b) , are identical, showing that the radiative decay remains dominant in the emitting NRs. The observation that the overall PL QE decreases, while the exciton lifetime remains unchanged, implies that the PL quenching is not the same for each individual NR. Some NRs are completely quenched during the silica growth and, therefore, do not contribute to the PL decay anymore, while others remain unaffected. Since only the latter contribute to the PL decay, the observed exciton lifetimes remain the same, despite the lower ensemble PL intensity. This is further supported by the work of Lunnemann et al., 46 where spectroscopic measurements were performed on single CdSe/ CdS silica coated NRs after 2 days of reaction time. Upon analysis of over 20 bright silica coated NRs, it was shown that the PL QE of a single NR is around 90%. This result supports our statement that the NRs which are not quenched, that is, the NRs that contribute to the PL decay, remain unaffected. We also observed that the quenching increases with the reaction time. A possible explanation for this may be the presence of unreacted molecules such as hydroxyl ions, or ammonium ions, in the reaction mixture. The silica shell is generally believed to be porous. 47 Indeed, the amorphous nature of the silica shell and its mesopores can provide sufficiently wide channels to enable small molecules (such as ammonia ions) to diffuse toward the NRs and interact with it. 48, 49 This is further supported by the observation that by increasing the reaction time from 2 days to 1 week, the PL QE of the NRs decreases to about 39%. For the 2 days sample, after stopping the reaction, the coated NRs were washed several times to remove the unreacted molecules. On the other hand, for longer reaction times, the NRs were subjected to interaction with unreacted species for much longer, resulting in further QE decrease. Additionally, a slight red-shift is observed for the sample after 1 week of reaction time (Figure 5a ). The modification of the emission profile can be explained considering that NRs with a thinner CdS shell (thus emitting more in the blue side of the spectrum) are quenched first since, during the growth of the silica shell, unreacted molecules, such as hydroxyl or ammonium ions, can more easily interact with the CdSe core.
We also performed photostability tests, by continuously irradiating the samples with a portable UV light (365 nm, 6 W) (see Experimental Section for details). We used uncoated NRs in toluene and a suspension of NRs in ethanol that was coated for 2 days, with the same concentration. The solutions of NRs were stored in sealed vials under N 2 and kept under constant UV irradiation for 10 days (see Experimental Section).
The PL curves for the uncoated NRs and 2 days coated NRs are shown in Figure 5 , parts c and d, respectively. The QE of the uncoated NRs decreases to η = 4% after only 8 days of irradiation, while the silica coated sample exhibits a much more stable behavior. After the first 3 days of irradiation, the QE of the silica coated sample is still η= 30%, but little further quenching occurs over the remaining 7 days. The strong difference between the two samples is shown more clearly in Figure 5e , which plots QE (η) as a function of the irradiation time: the uncoated NRs show a rapid and enduring decrease in the QE while the silica-coated NRs show initially a decrease toward a constant value that is still 50% of the initial intensity, without further degradation even after 10 days of irradiation. Additionally, in the graph in Figure 5d , we can also observe a red-shift of the emission peak. The modification of the emission profile can be explained in the same way as the red-shift observed in Figure 5d . Interestingly, the red-shift does not occur in the case of uncoated NRs (Figure 5c ). In this case, the quenching is due to the photogeneration of charge carriers in the CdSe core, which can lead to formation of trap states at the CdS surface. Trap states in close proximity to the CdSe core should be most effective in quenching the PL.
We can justify the initial fast quenching for the coated NRs not only by photodegradation induced by the UV-light but also by taking into account the possible contribution of quenching by unreacted species. During the growth of the silica shell in the micelle, the NRs are in contact with unreacted species such as ammonia and hydroxyl ions, which can deteriorate the surface of the NRs. Due to the porous nature of the silica shell, unreacted species could still be trapped in proximity of the NRs, even after careful washing. This may accelerate the quenching process in the early stage of the UV exposure, until the quenching species are completely depleted. Considering that the PL quenching is ascribed to the presence of unreacted species in solution during the growth of the shell, we can assume that longer exposure to these unreacted species will increase the quenching. We thus strongly believe that washing is a key step to preserve and/or improve the photostability of the coated NRs. The observation that the QE decreases by ∼20% after 2 days and by ∼40% after 1 week is consistent with this assumption. After the reaction was terminated, the nanoparticles were washed 3 times and did not show further quenching under normal conditions. This suggests that improved washing procedures that remove (most) of the unreacted species are likely to increase the photostability of the silica coated NRs, even beyond the levels observed in the present work.
Further positive results were obtained after exposure to air (see Experimental Section for details). To study the bleaching effect of O 2 , we stored the uncoated NRs solution and the 2 days silica-coated NRs in air under ambient light for 17 days. Every three days, the QE was measured using an integrating sphere. Uncoated and silica-coated NRs were dispersed in the same solvent (toluene), which required the recapping of the silica-coated NRs with ODO (see Experimental Section). Figure 6 shows plots of the QE (η) for a suspension kept under constant O 2 exposure for uncoated NRs in toluene (black dots), 2 day silica-coated NRs in toluene (red triangles), 2 day silica-coated NRs in ethanol (blue squares), and 2 day silicacoated NRs in water (green hexagons). For uncoated NRs, already after only 5 days we observe a decrease in QE to η = 9%, and the particles became nearly completely quenched after 8 days of O 2 exposure (η = 2.5%). A completely different behavior was observed for the silica-coated NRs. For the silica coated NRs in toluene, after exposure to O 2 the QE decreased by only 11%, showing that the NR efficiency is hardly affected by exposure to O 2 under ambient light. Moreover, since these particles are also aimed for usage in polar solvents, we have studied the bleaching effect of O 2 on silica-coated NRs in EtOH and water. In the case of silica coated NRs in ethanol, after 17 days of exposure to O 2 , the QE is still high (η = 29%). In the case of the suspension of the coated NRs in water, an initial fast decrease of the QE to η = 28% is observed, followed by a much slower decrease. After 17 days, the silica-coated NRs in water are nearly completely quenched (η = 3%). This indicates that the silica shell forms an effective protective layer in ethanol but is more permeable when the coated NRs are suspended in water.
Interestingly, the coating with ODO seems to enhance the stability of the particles. This can be explained by considering that the thermal treatment at 170°C and the coating of the inner pore surfaces themselves may reduce the porosity of the silica shell, thus decreasing its permeability to oxygen. The enhanced photostability under UV light, in contact with O 2 and in water of the silica coated NRs indicates that the silica shell acts as a barrier protecting the NRs from (photochemical) reactive species.
■ CONCLUSION
We successfully encapsulated single CdSe/CdS NRs into silica shells. A detailed study of the evolution of the silica growth shows that, initially, two reverse micelles are formed at opposite ends of the NR. The asymmetry of the NR is reflected in the early stages of the silica growth, with a more pronounced silica sphere at the flat NR end, close to the CdSe core. The final NR/silica colloidal NPs have a rugby ball shape with a cylindrical symmetry. Moreover, they can be dispersed in polar andafter recapping with octadecanolalso in nonpolar organic solvents. Furthermore, the photoluminescence quantum efficiency of the silica-coated NRs remained very high (up to 50−53%). In conjunction with this, we demonstrated that the photostability of the NRs under prolonged UV-irradiation and in contact with air is markedly increased after encapsulation in silica. The possibility of dispersing the silica-coated NRs both in polar and apolar solvents makes them flexible building blocks for several applications. These findings are of direct importance for optical studies on single NRs, and for applications such as LEDs and biomedical labeling. 
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